Purpose: This study aimed to develop a classification of edentulous jaws for use as a diagnostic tool during implant-prosthodontic treatment planning. Materials and Methods: The morphology of 200 fully edentulous alveolar ridges (100 maxillae, 100 mandibles) was assessed with cone beam computed tomography. Generic implants (length: 8 mm; diameter: 4.1 mm) were used. To develop the classification system, the feasibility of virtually placing the implants without vertical ridge augmentation was considered. Potential implant sites were evaluated in terms of ridge width and described as either type A (no horizontal augmentation required) or type B (horizontal augmentation required). A descriptive statistical analysis of subjects' age, sex, and arch classification was performed. Results: In total, 880 implants were virtually planned. Based on alveolar ridge height, four arch patterns were identified (C1 to C4), providing a basis for prosthodontic planning with either removable or fixed implant-supported restorations. The frequencies of each category were as follows: C3 (n = 62, 62%), C4 (n = 16, 16%), C2 (n = 12, 12%), and C1 (n = 10, 10%) for the maxilla and C3 (n = 36, 36%), C4 (n = 31, 31%), C1 (n = 24, 24%), and C2 (n = 9, 9%) for the mandible. Conclusion: The proposed classification of the edentulous arch represents a useful tool for communication between clinicians when planning implantsupported rehabilitations.
Implant-Prosthodontic Classification of the Edentulous Jaw for Treatment Planning with Fixed Rehabilitations
T he resorption pattern of the alveolar process following tooth extraction has been the subject of many classification systems of the edentulous jaw. Wical and Swoope 1 presented a classification of the edentulous mandible based on 130 orthopantographic radiographs. Their findings revealed that the distance between the basal border of the mandible and the alveolar foramina corresponded to a constant third of the mandible's height when dentate. Based on their measurements, the authors concluded that the architecture of the coronal two-thirds changed markedly after extraction, whereas the apical third remained stable. Lekholm and Zarb 2 used lateral cephalometric radiographs to classify edentulous jaws based on five degrees of alveolar ridge resorption, considering both the form and bone quality of the edentulous jaws. Cawood and Howell 3 investigated morphologic jaw changes of 300 dried skulls and, in agreement with Wical and Swoope, 1 found the basal bone unchanged. 3 Jensen 4 proposed a classification of edentulous jaws based on the feasibility of implant placement, considering radiographic and clinical parameters as well as the degree of bone remodeling. This classification mainly described implant sites in terms of bone quantity and quality, while also accounting for their proximity to vital structures. However, this study did not consider the buccolingual dimension.
A variety of prosthodontic classifications and treatment protocols for restoring edentulous arches with removable or fixed implant-supported rehabilitations have been presented in the dental literature. 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The primary factors considered in these systems have been the edentulous jaw anatomy, degree of alveolar bone resorption, available sites for implant placement, and prosthodontic considerations. However, no study has considered all of these parameters collectively. Ideally, an easy-to-use classification system based on the concept of prosthetically-driven treatment would provide valuable information and simple communication tools for the treatment planning of edentulous patients.
Until recently, the focus of dental implantology was the placement of implants. Today, the focus has shifted toward prosthetically driven treatment planning. 15, 16 While there is some correlation between the number of implants that can be placed in an arch and the feasible restorative options, the number of implants is not wholly determinative of the final prosthetic design. For example, while eight implants may be the optimal number to achieve a fixed first-molar-to-first-molar prosthesis in the maxilla, the same or a similar result can be achieved with as few as six implants. 17 Thus, there is need for a classification that describes the restorability of the edentulous jaw from a prosthetic perspective. Further, cantilever designs have been used in implant dentistry to avoid vital structures and extensive vertical augmentation, with a prosthetic survival rate of 95% during a follow-up period of 7.3 ± 2.6 years. 18, 19 Today, all important treatment parameters can be evaluated in advance using implant-planning computer software, which has significantly improved preoperative planning. [20] [21] [22] The purpose of a classification system is to describe common patterns of presentation and common nomenclature. 23 Additionally, classification systems facilitate communication among the treatment team as well as between dentists and patients. As will be discussed later in this article, a classification system should not be confused with a treatment protocol.
The aim of this study was to develop and propose a prosthetically-driven classification of edentulous jaws for use as a diagnostic and communication tool during implant-supported prosthetic treatment planning. The ideal treatment was assumed to be a fixed first molarto-first molar restoration. No distinction was made between a one-piece and segmented prosthesis.
Materials and Methods
The morphology of the residual alveolar ridge was assessed using data collected from cone beam computed tomographic (CBCT) images (i-CAT, Imaging Sciences) of 200 fully edentulous arches (100 maxillae, 100 mandibles). All scans were performed at Harvard School of Dental Medicine, Boston, Massachusetts, as part of each patient's clinical diagnostic workup for implant planning. The Committee on Human Studies of the Harvard Medical School and Harvard School of Dental Medicine approved this retrospective study (no. M22103-101).
A commercially available implant-planning application (SimPlant, Materialise Dental) was used for virtual implant planning. The anatomy of the ridge, presence or absence of vital anatomical structures, and prosthodontic options (fixed or removable) were considered. 24 A generic implant (length: 8 mm; diameter: 4.1 mm) was selected.
In developing the classification, the following criteria were considered: the feasibility of placing implants from first molar to first molar (1) without vertical ridge augmentation and (2) with or without horizontal ridge augmentation. The implants also could not impinge on any vital anatomical structures. It was elected to allow horizontal but not vertical ridge augmentation based on data showing that the former is predictable, whereas the latter yields lower predictability and significantly higher complication rates. 15 To analyze the implant distribution, it was determined whether horizontal ridge augmentation was required at each individual implant site. 25 Each implant site was thus classified as follows:
• Type A: no horizontal augmentation required.
Alveolar ridge width at the implant site allowed for implant placement while preserving at least 1 mm of native bone on the buccal and lingual aspects.
• Type B: horizontal augmentation required. Alveolar ridge width at the implant site allowed for implant placement, but less than 1 mm of native bone was present on the buccal and/or lingual aspects.
Two calibrated investigators virtually planned the ideal implant placement. Each investigator planned the treatment for 50 mandibles and 50 maxillae. A third investigator confirmed the implant placement, with small adjustments made as necessary. This third investigator also assessed the radiographic morphology of the residual alveolar ridge and recorded the following information for each edentulous arch: A descriptive statistical analysis was performed. Multinomial logistic models were used to investigate any associations between the subjects' age and sex and vertical bone height.
Results
In total, 200 fully edentulous arches (100 maxillae, 100 mandibles) were assessed. A total of 880 implants (466 in the maxilla, 414 in the mandible) were planned according to the selected criteria. Table 1 shows the distribution of implants in the maxilla and mandible. Along with the total number of implants, the distribution of implants is an essential determinant of the restorative design. Figures 1 to 4 show several typical implant-prosthodontic designs. An analysis based on these distributions revealed the type of prosthetic rehabilitation that was possible.
Arch-Based Analysis
The arches were classified into one of four categories (Table 2 ):
• C1: an arch in which a sufficient number of implants could be planned to permit a fixed first molar-tofirst molar prosthesis (Fig 1) .
• C2: an arch in which a sufficient number of implants could be planned to permit a fixed first molar-tofirst molar prosthesis, but with a unilateral cantilever (Fig 2) .
• C3: an arch in which a sufficient number of implants could be planned to permit a fixed short-arch prosthesis. Cantilevers used bilaterally (Fig 3) .
• C4: an arch in which only a removable prosthesis could be planned. In the mandible, this prosthesis could be implant supported, but not in the maxilla (Fig 4) .
A significant difference was observed in terms of the distribution of categories between the maxilla and mandible (Table 3 ). In the maxilla, the majority of arches were classified as C3 (62%), followed by C4 (16%), C2 (12%), and C1 (10%). The median age of all maxillary arch subjects was 64.5 years (range: 36 to 92 years). Sex yielded a homogenous distribution across all categories, except for C4, in which a higher number of women (13% vs 3%) were represented ( Table 4) .
The majority of mandibular arches were classified as C3 (36%), followed by C4 (31%), C1 (24%), and C2 (9%). Compared with the maxillary arches, significantly more mandibular arches were categorized as C1. The median age of all mandibular arch subjects was 66.5 years (range: 41 to 92 years). In contrast to the maxilla, distribution by sex was not homogenous. More men were present in C1, whereas more women were categorized as C2, C3, and C4 (Table 5) .
Implant-Based Analysis
While the project's primary aim was to develop a classification of edentulous arches based on their restorability, an in-depth analysis of the implant distribution by category was also performed (Table 6 ).
There was a difference in the distribution of implants in the maxilla versus the mandible. A higher number of implants could be planned in the anterior maxilla than in the anterior mandible; in contrast, more implants were possible in the posterior mandible than the posterior maxilla.
Maxillary implants. Table 7 shows the implant distribution in the maxilla. A total of 466 maxillary implants were planned.
Except for in C1 arches, the majority of implants in the anterior region required ridge augmentation. In the posterior region, the significant majority of implants did not require augmentation.
In terms of the total number of implants planned (anterior and posterior regions) in C1 arches, type A implant sites (57.5%) were more common than type B sites (42.5%). For C2 arches, 86 implants were planned. As in C1 arches, type A implant sites (67.4%) were more common than type B sites (32.6%). For C3 arches, 300 implants were planned. Once again, type A implant sites (59.3%) outnumbered type B sites (40.7%). For all maxillary implants, 60.5% were planned for type A implant sites and 39.5% for type B sites. When all maxillary implants in type B sites were considered, a higher percentage (28.1%) of implants were present in the anterior segment than in the posterior segment (11.4%).
Mandibular implants. Table 8 shows the implant distribution in the mandible. A total of 414 mandibular implants were planned. 
Figs 3a and 3b
Implants permit a fixed short-arch prosthesis, with cantilevers used bilaterally: (a) single unit; (b) segmented. Red arrows indicate segmentation zones. White arrows with a gray background indicate a distal cantilever. White arrows with a black background indicate an optional cantilever (when not opposing a fixed implant prosthesis). PM2 = second premolar; PM1 = first premolar; C = canine; LI = lateral incisor; CI = central incisor.
Figs 2a and 2b
Implants permit a fixed first molar-to-first molar prosthesis but with a unilateral cantilever: In both the anterior and posterior regions, 82.6% of the implants were planned for type A sites, whereas 17.4% were planned for type B sites.
Compared with the maxilla, where 11.4% of posterior sites required augmentation, a lower percentage (9.9%) of mandibular posterior regions were classified as type B. The same was true for anterior implants, where only 7.5% of sites in the mandible were classified as type B versus 28.1% of sites in the anterior maxilla.
Regarding the total number of mandibular implants, type A implant sites (83.3%) outnumbered type B sites (16.7%) in C1 arches. For C2 arches, 48 implants were planned. Of these, 66.6% were planned for type A sites, and 33.4% were planned for type B sites. For C3 arches, 160 implants were planned. Type A implant sites (85.6%) were much more common than type B sites (14.4%). For C4 arches, 62 implants were planned, with 85.5% type A implant sites and 14.5% type B sites.
Neither sex (P = .42) nor age (P = .18) was significantly associated with vertical bone height in the mandible. Similarly, neither sex (P = .94) nor age (P = .39) was significantly associated with vertical bone height in the maxilla.
Discussion
This study classified the edentulous ridge according to the ideal final prosthesis that could be planned. Only the vertical bone height was considered. While an insufficient buccolingual ridge width may pose difficulties for implant placement, lateral bone augmentation procedures have been shown to be highly predictable and can frequently be performed simultaneously with implant placement. 26, 27 The dynamic process through which a person becomes edentulous plays an important role in determining the final anatomy of the edentulous jaw. This remodeling process is influenced by a number of factors, including anatomical, metabolic, and prosthetic considerations as well as the degree of edentulism. [28] [29] [30] In general, the present findings are in accordance with clinical experience. For example, the distribution of implants shows that far fewer implants could be planned in the posterior maxilla than in any other site (see Table 8 ). This result is due to the expansion of the maxillary sinuses and the alveolar ridge resorption after tooth extraction, which often leads to a more severe atrophy of the maxilla. 31, 32 Cantilevers were included in the classification because there is no significant contraindication to their use. The most frequent complications for this design include abutment or screw loosening, loss of retention, and veneer chipping, all of which can be easily repaired. 18, 19 However, additional factors such as cantilever arm length and implant location must be considered when planning cantilever prostheses. 33 One option to avoid the use of cantilevers would be the placement of distally angulated implants. This approach was not used in the present study due to the complexity of the surgical and prosthetic procedures. [34] [35] [36] The difference between the number of men and women classified as C1 and C2 was minimal, but substantially more female patients were categorized as C3 and C4 (ie, the categories with more vertical bone loss). This result is in spite of the fact that men tend to lose teeth at an earlier age. 37 The greater number of women with C3 and C4 arches cannot be explained by age differences; the mean age of "mandibular males" was 64.3 years, while that of "mandibular females" was 67.8 years. The mean ages in the maxillary group were 63.4 years for men and 65.1 years for women. Therefore, it remains unclear why more women showed C3 and C4 arches.
In both the maxilla and mandible, C3 and C4 were the dominant categories (see Table 3 ). A significant finding was that for C4 arches, which required a removable prosthesis, different treatments were available for the mandible than for the maxilla. In all cases for the mandible, a sufficient number of implants could be planned to permit an implant-supported removable overdenture, whereas it was not possible to plan a sufficient number of implants in the maxilla. This difference results from the fact that only two implants are necessary to support an overdenture in the mandible, whereas four implants are required in the maxilla. 38 In terms of individual implant sites, type A ridges were the most common for both arches. Type B sites were found more frequently in anterior areas than in posterior regions. This result is in agreement with the authors' clinical experience, where maxillary posterior implants require ridge augmentation less frequently than anterior sites due to the resorption pattern of the maxilla.
In contrast to the maxilla, type B mandibular sites were found to be more prevalent in the posterior region than in the anterior region. This, too, is in accordance with clinical experience, where mandibular ridge augmentation for placement of a 4.1-mmdiameter implant is more frequently needed in posterior areas due to anatomical considerations such as the alveolar ridge morphology (lingual concavities, presence of mental foramen, mandibular nerve). In the anterior mandible, the basal bone is wider than the alveolar process.
It must be emphasized that a classification system should not be confused with a treatment modality. A good classification system provides an indication of what treatments are possible but does not prescribe the actual treatment choice. Thus, in the present classification, a patient with a C1 mandible is eligible for a fixed first molar-to-first molar prosthesis. However, for reasons of his choosing (eg, financial concerns), the patient may elect for treatment involving two or three interforaminal implants and an implant-supported overdenture. Such a choice does not change the patient's classification within this system.
Lekholm and Zarb's 2 classification system, which has been widely used in clinical practice and as a research tool, is based on the correlation between bone density and implant survival. In the present study, the classification system proposed does not evaluate bone density. This decision was made because the proposed classification system relies on the analysis of CBCT scans. Hounsfield units, on which bone density is based, are not accurately represented by CBCT. It has been shown that bone density values from CBCT scans are not accurate because they are affected by the position of the object in the machine. 39 Large errors have been demonstrated when using gray scale values quantitiatvely. 40 In addition, artifacts challenge the accurate conversion of density values into Hounsfield units. 41 Thus, bone density was not evaluated in the present study.
One limitation of this study is that it did not account for the length of time that a particular arch or implant site had been edentulous. Thus, it was not possible to investigate the presence of statistically significant correlations between the period of edentulism and the vertical and horizontal bone loss. However, since the purpose of this study was to classify the arches from a prosthetically driven perspective, the authors do not consider this limitation to be critical. After all, when planning a prosthetic rehabilitation, the clinician must work with whatever anatomical condition the patient presents, regardless of how long he or she has been edentulous.
Conclusions
This article proposed a prosthetically driven classification system of the edentulous jaw. The classification system is easy to use and should facilitate communication among practitioners as well as between practitioners and patients. For communication with patients, the authors recommend the use of this classification in conjunction with representative images, such as those shown in this article.
